Introduction
In energetic terms, fitness may be seen to be dependent on successful allocation of energy between life-history traits such as survival or reproduction and other activities. The amount of allocatable energy has also been defined as condition (Rowe & Houle, 1996; Hunt et al., 2004; Tomkins et al., 2004) . The concept of condition bears a significant role in evolutionary biology; it is an important component of life-history theory (Roff, 2002a) and in particular of the theory of sexual selection (Rowe & Houle, 1996; Tomkins et al., 2004) .
Historically in the life-history and sexual selection literature, the concept of condition was not often explicitly defined, but, rather, it was equated to other almost equally vague concepts such as quality (Andersson, 1982; Charlesworth, 1987; Zeh & Zeh, 1988) or viability (Iwasa et al., 1991; Iwasa & Pomiankowski, 1994 ; see also Cotton et al., 2004) . However, more recently condition is defined to be a more empirically approachable concept, i.e. the total amount of allocatable energy (Rowe & Houle, 1996; Hunt et al., 2004; Tomkins et al., 2004) . The logic behind this definition is found in the resource partitioning theories (van Noordwijk & de Jong, 1986; de Jong & van Noordwijk, 1992; Roff, 2002a) . Here, the expectation is that the amount of allocatable energy is largely dependent on traits that contribute to the total energy budget. In general, these include nonreproductive traits that are involved in acquiring energy and processing resources (Tomkins et al., 2004) .
Energy use of an individual, or metabolism, can be indirectly measured with open flow respirometry by observing the levels of oxygen consumption or carbon dioxide production. This relies on the fact that oxygen consumption and carbon dioxide production closely correspond to the use of energy (Keeton & Gould, 1986; Hill & Wyse, 1989; Glazier, 2005) . Empirically, several metabolic quantities are measurable, and have condition; energy use; heritability; inbreeding; morphology.
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been measured, although in evolutionary and ecological literature the value of these measures has not often been recognized (Feder & Block, 1991; Glazier, 2002) . Energy used on maintenance can be measured as energy consumption at rest in optimal environmental conditions (i.e. resting metabolic rate), whereas an estimate of the total energy budget of the individual can be obtained by forced exercise, i.e. by forcing individuals to spend maximal amount of energy (Hammond & Diamond, 1997; Bacigalupe & Bozinovic, 2002; Speakman & Kró l, 2005) . Following this line of thought, it appears that condition is the difference between the total energy used during forced exercise and energy used on maintenance during the forced exercise. Depending on the nature of the exercise and on the study procedure, the maximal energy use and energy use on activity may be interpreted as the rate of energy consumption (mL CO 2 h )1 ) or as the total amount of energy consumed (mL CO 2 ) (Hammond & Diamond, 1997) . The former might be appropriate when exercise is continuous and long term and energy reserves are replenished continuously, whereas if individuals are measured without access to food and with such a force that energy reserves are exhausted rapidly, the latter is better (see also the Materials and methods section).
Most of the studies investigating metabolic traits in relation to life-history evolution seem to have concentrated on how increased energy use due to increased reproductive effort or parasite load is sustained (e.g. Nilsson, 2002; Kolluru et al., 2004) . However, a great deal of work should be carried out to answer how genetic quality (see below) is mediated to the metabolic traits. For example, is genetic quality reflected in the resource acquisition and processing ability thus contributing to the total energy budget? What is needed even more is the resolution of whether high maintenance metabolism relates to a high amount of energy that is available for allocation, i.e. towards good condition (e.g. Konarzewski & Diamond, 1995; Reinhold, 1999) or whether high maintenance metabolism should conversely be seen as an unavoidable cost constraining energy use on other traits, i.e. as reducing condition (e.g. Hawkins & Day, 1999; Johnston et al., 2007) . For a balanced discussion of these issues, see Nilsson (2002) or Johnston et al. (2007) .
Condition in particular, but also metabolic traits, are expected to be closely related to fitness (Rowe & Houle, 1996; Hayes & O'Connor, 1999; Jackson et al., 2001; Cotton et al., 2004) . Characteristic to fitness-related traits under strong selection should be an excess of nonadditive variation such as dominance variation, and thus, sensitivity to inbreeding (Fisher, 1930; DeRose & Roff, 1999; Roff & Emerson, 2006) . Nevertheless, condition is still expected to harbour a large amount of additive genetic variation because it should be influenced by a large proportion of the genome (Andersson, 1982 (Andersson, , 1986 Rowe & Houle, 1996) . Because of these expectations, the genetic underpinning of metabolic traits such as total energy budget, maintenance metabolism and the amount of allocatable energy is not a trivial matter.
Here, we report a quantitative genetic study, in which we measured several metabolic and morphological traits of males of Gryllodes sigillatus crickets, the genetic quality of whom was manipulated by various degrees of inbreeding. Aims of this study were threefold: 1 To estimate the effect of inbreeding on, and the genetic basis of, metabolic and morphological traits. The expectation is that inbreeding has a profound effect on fitness-related traits which should also contain low amounts of additive genetic variation. As a bench mark with which to compare these results, we also present estimates of inbreeding depression and additive genetic variation of several morphological traits. 2 To suggest and test how metabolic traits relate to condition. We hypothesize that inbreeding increases maintenance metabolism. To enable for an intact amount of energy available for allocation under this hypothesis, individuals need to increase their total energy budget (Fig. 1a) . However, if there is a limit on the total energy budget that is independent of inbreeding, inbred individuals must allocate energy from condition to maintenance (Fig. 1b) . In addition to maintenance metabolism, inbreeding may have an effect on resource acquisition ability such that the total energy budget decreases with inbreeding. In this case allocation ability deteriorates even more (Fig. 1c) . Although here and in Fig. 1 we expect resting metabolic rate to rise due to inbreeding, the statistical Here we expect resting metabolic rate (dashed line) always to increase due to inbreeding, whereas total energy budget is expected to vary (solid line). Shaded area between the lines indicates energy available for allocation, i.e. condition. The wider the area the greater is the condition. In panel A, individuals are expected to be able to increase their energy intake and thus total energy budget to compensate increased maintenance costs. Under this scenario, inbreeding has no effect on condition and parallel slopes of total energy budget and resting metabolic rate will emerge. In panel B, the total energy budget is expected to be independent on inbreeding and fixed. Under this scenario, inbred individuals must allocate energy from condition to maintenance reducing the condition. In panel C, inbreeding has a negative effect on total energy budget, e.g. due to impaired ability to acquire resources. Under this scenario, inbred individuals must allocate energy from their decreasing condition to maintenance reducing the condition even further. Null hypothesis, that is not shown here, is that both slopes are independent of inbreeding.
testing is carried out using two-tailed tests. This is because the literature acknowledges also the opposite prediction (see Nilsson, 2002) . 3 To determine whether the more traditionally constructed condition index (i.e. residual body mass) comply with the condition derived from the metabolic traits. We expect that if both are measures of the same condition, they should correlate with each other. Moreover, condition index and metabolic traits should show similar patterns of inbreeding depression and these patterns should be in line with those found for fitness-related traits in general.
Our results show that metabolic traits followed a pattern that is typical to life-history traits under strong selection: metabolic traits showed strong inbreeding depression and had low heritabilities. According to our hypothesis, we found that inbreeding increased the resting metabolic rate. This effect was sufficient to cause reduction in energy allocation ability despite the relative insensitivity of the total energy budget to inbreeding. Finally, the commonly used residual body mass-based condition index failed to correlate with energy metabolism or inbreeding.
Materials and methods

Study population
Our population of G. sigillatus crickets was housed at the University of Jyvä skylä , Finland, but was originally initiated from 48 wild-caught and mated females at the campus of University of Western Australia. A pedigree of the individuals was maintained from the initiation of the laboratory population. Prior to, and during the experiment, individuals were kept at 30°C with a relative humidity of 58%, in a 12-h : 12-h photoperiod, with food (dried cat and rabbit food) and water ad libitum. Within first generations, close inbreeding was avoided in order to maintain viability of the laboratory population. In addition to the fact that in closed population inbreeding increases over time, throughout the sixth and seventh generations we mated individuals purposefully with their relatives to increase the variation in inbreeding between individuals. The matings were designed by using information of co-ancestry of potential pairs, which directly translates to inbreeding coefficient of potential offspring (Lynch & Walsh, 1998) . In all the cases, the inbreeding coefficients accumulate via several links in the pedigree, and for example families with inbreeding coefficient of 0.1313 were produced by mating cousins at the seventh generation. Study individuals at the eighth generation were collected at the earliest possible age of approximately 1 week and transferred to plastic containers for individual rearing with food and water ad libitum. This was performed to reduce common environmental effects. We measured the metabolic traits on average 8.5 days after the final moult (ranging from 5 to 14), when individuals are sexually mature. Note that ages were distributed independently of inbreeding and families. Number of families and individuals vary slightly between the measured traits (Table 1) , but altogether, 102-137 individuals from 14 or 17 families were measured. All included individuals were nondispersive shortwinged morph.
Relatedness within families varied between 0.2809 and 0.3267, whereas between-family relatedness varied from 0.0559 to 0.2037, with a mean of 0.1292. Inbreeding coefficients were obtained using Pedigree viewer (http://www-personal.une.edu.au/~bkinghor/ pedigree.htm) and coefficients ranged between 0.0442 and 0.1313 with a mean of 0.0813 and a standard deviation of 0.034. Note that inbreeding coefficients can vary between 0 and 1. As our data structure is not balanced and there is excess relatedness through the pedigree that can be used to increase statistical power, the REML methodology is the most suitable for the analysis of this data set (Lynch & Walsh, 1998) . For further details see data analysis section.
Respirometry
Prior to respirometry, the access to food was restricted at minimum 1 h before metabolic measurements. Incoming air was drawn by a pump through the respirometric system. First, air was passed through moisture absorbent (Drierite; Hammond Drierite, Xenia, OH, USA) and after that through soda lime (J. T. Baker, Deventer, Holland) to remove CO 2 from the air. Next the dry, CO 2 -free air was led into the measurement chamber (9 cm 3 ). Prior to entering the CO 2 analyser (LI-6252; LI-COR, Lincoln, NE, USA), the moisture was once again removed from the air. Steady 100 mL min )1 air flow trough respirometric system was controlled using mass flow controller N is the number of individuals included in the analysis. Phenotypic means and standard deviations of measured traits are shown. Consult the Materials and methods section for details of construction of condition index, i.e. residual body mass from reduced major axis regression.
(Sierra Instruments, Monterrey, CA, USA). The CO 2 analyser was calibrated daily with CO 2 -free air and span gas. The span gas was industrial air (AGA, Finland) with CO 2 level close to 300 p.p.m. The same gas bottle was used throughout this study. Respirometric system was connected to PC and data from the measurements were acquired and further analysed using Datacan V software (Sable Systems, Henderson, NV, USA). We measured and observed every individual for up to 30 min at 30°C. The first 5 min, which we considered as the minimum acclimation time, were excluded from the analysis. If the individual was active during the first 5 min the time was extended until the individual had been nonactive for 5 min, which happened always within 25 min. First, we obtained a measure of resting metabolic rate (the physiological and the biological interpretation of the terms in italics are described in detail in Fig. 2 ). Resting metabolic rate (mL CO 2 h
)1 ) was calculated as the mean CO 2 production per unit time during a period of inactivity (Fig. 2) . We assume that the resting metabolic rate reflects the energy required for the maintenance of vital bodily functions and body tissues.
The minimum time of inactivity we accepted for the analyses was 5 min, and the average time from which the resting metabolic rate was calculated was 6 min. Immediately after obtaining the resting metabolic rate, we measured the CO 2 production during forced exercise (Fig. 2) . Many species are very reluctant to spend time on their back, and forcing individual to this position, by sudden rotation of the respirometry chamber, causes immediate return to upright position. Repeated turning is energetically demanding and exhaust individuals relatively fast (Kotiaho et al., 1998) . All individuals were exercised until exhaustion which we defined as the time that individual could not turn immediately to upright position, i.e. a minimum of 3 s of nonresponsive laying in their back. The time to exhaustion, or endurance (Fig. 2) , varied between 34 and 465 s with an average of 112 s. We estimated the total energy budget (mL CO 2 ) by calculating the area of CO 2 production during forced exercise (Fig. 2) . To obtain an estimate of the allocation ability (ml CO 2 ), we subtracted from the total energy budget the amount of energy devoted to resting metabolic rate during the exercise (Fig. 2) . We note that it is common in physiological studies to report energy consumption as rate (mL CO 2 h )1 ). However, our prime interest is in the estimation of the total amount of energy consumed during forced activity, and not per any specific time unit, we base our discussion on the total amounts of energy consumed during the exercise (mL CO 2 ). However, because it seems to be a convention in the physiological literature to use rates, we also calculated and analysed the exercise metabolic rate (mL CO 2 h )1 ) and metabolic scope (exercise metabolic rate ) resting metabolic rate, mL CO 2 h )1 ). Results of these analyses are shown but they are not discussed further.
Morphological measurements and condition index
Prior to measuring the metabolic traits, the individuals were weighed and after measuring the metabolic traits the individuals were stored in 75% ethanol for morphological measurements. Length of tibia and width of pronotum were measured with a binocular microscope with eyepiece graticule. Wings were photographed using a binocular microscope attached to a video camera. Area of the wings and the area of the harps were measured from digitized images using Image-Pro v. 4.5 (Media Cybernetics, Silver Spring, MD, USA). Harp is a thickened membrane between wing veins which by resonating forms the sound that allures mating companions (Loher & Dambach, 1989) . To compare metabolic rates to a more commonly used surrogate of condition, we constructed also a condition index that is based on residual body mass. Although condition index obtained using ordinary least squares regression is regularly used, it can give spurious results due to statistical reasons only. Thus, to circumvent these 'easily avoidable' pitfalls that may prevent determining whether mass ⁄ length residuals do reflect metabolic traits, we calculated the reduced major axis regression according to Sokal & Rohlf (1989) (see also Green, 2001 ). Shortly, we formed a linear regression between body mass and pronotum width as well as its reciprocal regression. From total sum of squares of these regressions, we calculated the slope of reduced major axis. Slope and the mean trait values were used to calculate intercept of y (Sokal & Rohlf, 1989) . This regression y = 156.53x ) 384.979 that predict body mass (mg) by pronotum width (mm) was compared with observed body masses to create residuals. To determine whether this residual condition index is independent of other size measurements (Green, 2001) , we compared it with tibia length. The correlation between the residual condition index and tibia length was small and not significant (r = )0.049, P = 0.604, Table 2), and thus it seems that residual condition index is independent of structural size and hence not biased (Green, 2001) . Moreover, residual condition index was normally distributed (Shapiro Wilk's 0.965, P = 0.005, d.f. 115). This residual condition index was compared with metabolic traits to determine any covariance between these different measures of condition. In addition, residual condition index was subjected also to the variance component estimation (see below). We repeated all analyses also on mass ⁄ length residuals produced using least squares regression and major axis regression, or used size as an additional covariate in animal model (eqn 1).
Data analysis
Comparisons between traits were conducted with SPSS SPSS (v. 12.0.1; SPSS Inc., Chicago, IL, USA) and variance components were analysed with restricted maximum Inbreeding increases resting metabolic rate in decorated crickets 773 likelihood method using ASReml 1.10 software (VSN international Ltd, Hemel Hempstead, UK), with the following model:
In this model, y is the vector of the values of the variable of interest, a is an unknown vector of random effects of the breeding value, c is an unknown vector of common environmental effects, i.e. family effect and b is an unknown linear regression coefficient of inbreeding, fitted as a covariate on the mean. Z 1 and Z 2 are known incidence matrices corresponding to a and c, respectively, whereas f is a vector of inbreeding coefficients. Including inbreeding coefficients as a covariate in the animal model is shown to correct estimates of additive variances if the individuals are indeed inbred (de Boer & van Arendonk, 1992) . In the analysis, we bounded variance components to the theoretical parameter space. As body mass has an effect on several metabolic traits, we took this into account by including body mass as an additional covariate in the animal model (eqn 1). Note also that total energy budget was square root transformed prior to analysis. To determine the best model, we compared the likelihoods of the full model (eqn 1) with a more reduced one not containing the family effect. Family effect did not improve the model fit (all nonsignificant), and thus family effect was not included in the final model. Regression coefficients of inbreeding effect were transformed to dimensionless format, i.e. to correlations by solving equation 3.15b in Lynch & Walsh (1998) . This transformation enables easy comparison of the effects of inbreeding between the traits. To enable some comparisons of our results with previously published values (Falconer, 1989; DeRose & Roff, 1999) , we also calculated b x , which is a ratio of outbred mean trait to the slope, i.e. the magnitude of the effect of inbreeding, and b r , which is a ratio of phenotypic standard deviation of the trait to slope of the magnitude of the effect of inbreeding. The mean of outbred and inbred individuals, required in calculations, were obtained using linear extrapolations. Coefficients of additive genetic variation CV A and coefficients of residual variation CV R , were calculated according to Lynch & Walsh, 1998 .
Results
Metabolic traits in relation to condition index and other morphological traits
Descriptive statistics of the studied traits can be found in Table 1 . Body mass correlated with resting metabolic rate, exercise metabolic rate and metabolic scope, and tended to correlate with total energy budget ( Table 2) . When we compared the metabolic traits with each other, we found that resting metabolic rate was negatively related to allocation ability (Table 2) . Interestingly, endurance was strongly and positively related to the allocation ability and total energy budget but to a lesser extent to metabolic scope (Table 2) .
Although the pronotum width explained the body mass rather well, residual condition index (residuals of reduced major axis regression of body mass on size) remained to be correlated with body mass (as expected) (Green, 2001) (Table 2 ). This correlation seemed to be the causative factor behind the correlation between residual condition index and resting metabolic rate. This is because adding body mass into the analysis removed the relationship between residual condition index and resting metabolic rate (partial correlation, r = )0.007, P = 0.940, n = 117). Not surprisingly, all morphological traits were positively correlated with each other ( Table 2 ). Note that even though we concentrate here mainly on residual condition index derived from reduced major axis regression, condition indices calculated using least squares regression or major axis regression were all similar: correlations between the indices were all positive and significant (all: r > 0.44, P < 0.001).
Inbreeding and additive genetic effects
We analysed the proportion of variance, in all metabolic and morphological traits, that was due to familial, i.e. common environment effects, inbreeding and additive genetic effects with restricted maximum likelihood method. Common environment did not explain the variance in the traits as log likelihood tests revealed nonsignificant effects of family when compared with more reduced models.
We found significant additive genetic variation in body mass, tibia length and in wing size, and in addition in total energy budget and exercise metabolic rate (Table 3) . When mass was included as a covariate, the heritability of total energy budget decreased slightly but still remained significant (h 2 = 0.563, SE = 0.319, P = 0.039). A similar result was evident in exercise metabolic rate (h 2 = 0.338, SE = 0.2671, P = 0.102). By contrast, heritability of resting metabolic rate converged to zero when mass was included as a covariate. The heritability of metabolic scope converged to zero with and without mass correction. Most of the metabolic traits and endurance were highly sensitive to inbreeding (Table 3) . Of the morphological traits, only size of the harp and wing were clearly sensitive to inbreeding, whereas tibia length and body mass were insensitive (Table 3) . There was inbreeding depression in resting metabolic rate (Fig. 3) , endurance and allocation ability (Table 3) . Surprisingly, there was also a positive effect of inbreeding on the sizes of wing and harp (Table 3) . When mass was included as a covariate in the animal model, inbreeding depression in total energy budget got stronger (b = )0.282, SE = 0.158, P = 0.075). However, inclusion of the covariate, decreased the inbreeding depression of resting metabolic rate, which, nevertheless, remained highly significant (b = 0.436, SE = 0.122, P < 0.001). The inclusion of body mass as a covariate had no effect on the effect of inbreeding on exercise metabolic rate (b = 0.227, SE = 0.184, P = 0.218), or metabolic scope (0.076, SE = 0.118, P = 0.522), and both remained nonsignificant.
All condition indices (residual body mass) exhibited similar insensitivity to inbreeding: there was no effect of inbreeding on condition index based on reduced major axis regression (Table 3) , least squares regression (b = 201.6, SE = 111.7), major axis regression (b = 300.1, SE = 172.8), or if the size was modelled as a covariate in animal model (eqn 1) (b = 184.9, SE = 188.6).
None of the condition indices were significantly heritable, but what might be noteworthy is that the heritability estimates varied substantially depending on the index extraction method (least squares regression: h 2 = 0.185, SE = 0.223; major axis regression: h 2 = 0.337, SE = 0.247; reduced major axis regression: h 2 = 0.075, SE = 0.199; covariance analysis: h 2 = 0.408, SE = 0.252).
Discussion
In this quantitative genetic study, we measured metabolic and morphological traits of male G. sigillatus crickets, the genetic quality of which were manipulated by various degrees of inbreeding. We set up three aims:
(1) estimate the effect of inbreeding on, and the genetic basis of, metabolic and morphological traits, (2) suggest and test how metabolic traits relate to condition and (3) determine whether the condition index based on mass ⁄ structural size residuals comply with the condition derived from the metabolic traits.
Effects of inbreeding on and the genetic basis of metabolic and morphological traits
Metabolic traits in general seemed to be more sensitive to inbreeding and had lower heritabilities than morphological traits. This finding is expected because fitness-related traits are assumed to be under stronger directional selection than morphological traits; directional selection erodes additive genetic variation causing genetic variation to be dominated by nonadditive variation (Roff & Emerson, 2006 but see Price & Schluter, 1991; Merilä et al., 2001) . Part of the nonadditive Table 3 Estimates of quantitative genetic parameters and inbreeding depression of measured traits. See Table 1 for trait units. Variance associated with additive genetic effects (r 2 a ) and residual, unexplained variation (r 2 r ) are shown. Moreover, proportions of these variances to phenotypic variance are represented, as h 2 and r 2 respectively. b is the regression coefficient for inbreeding depression. Associated standard errors are in parentheses. CV A and CV R denote coefficients of variation of additive genetic variation and residual variation respectively. Standardized estimates of inbreeding depression include correlation between inbreeding and trait (r), change of trait due to inbreeding standardized to noninbred mean (b l ) and change of trait due to inbreeding standardized to phenotypic standard deviation (b r ). See the Materials and Methods section for details of construction of condition index, i.e. residual body mass from reduced major axis regression. Note also that total energy budget was square root transformed prior to analyses. Values are statistically significant at *P < 0.05, **P < 0.01 and ***P < 0.001. variation is dominance variation, which is caused by increasing homozygosity due to inbreeding. Inbreeding can lead to decreased performance due to partial directional dominance, which is caused by recessive deleterious alleles being revealed, whereas decreased performance due to over-dominance is caused by heterozygote advantage over the homozygotes (Lynch & Walsh, 1998) . Of the metabolic traits, maintenance metabolism was greatly elevated, whereas endurance and allocation ability were reduced due to inbreeding. In addition, total energy budget tended to decrease due to inbreeding. Interestingly, even though there have been repeated quantifications of the effects of inbreeding on fitnessrelated traits (Charlesworth & Charlesworth, 1987 Crnokrak & Roff, 1999; DeRose & Roff, 1999) , and speculation over how closely metabolic traits determine fitness (e.g. Nilsson, 2002) , studies estimating the effects of inbreeding on metabolic traits are scarce (Clare, 1925; Richardson et al., 1994; Rantala & Roff, 2006) . Moreover, the use of inbred lines in these few studies makes their results somewhat hard to interpret. This is because, if inbreeding is due to recessive deleterious alleles, as is most likely (Lynch & Walsh, 1998; Charlesworth & Charlesworth, 1999) , studying inbreeding depression in lines with long inbreeding history is problematic: at this stage, after generations of purging mutational load (Roff, 2002b) , one would not expect to see marked inbreeding depression.
Morphological traits are likely to be under weak stabilizing selection and therefore are not expected to show strong inbreeding depression. We found that body mass, pronotum width and length of the tibia corresponded to these expectations. However, somewhat unexpectedly we found a positive effect of inbreeding on wing and harp size. Biologically such effect may emerge if inbreeding depression induces increased tendency for dispersal (Guillaume & Perrin, 2006) , and thus causes larger wings and harps, even in the nondispersive, short-winged morph. Alternatively, the harp size might be under sexual selection (Sakaluk et al., 1992) and thus responsive to inbreeding. However, this seems unlikely, as in this population the harp size has no effect on male mating success or female attraction (Ketola et al., 2007) .
Based on the literature, the median difference in lifehistory and morphological traits between inbred (f = 0.25) and noninbred individuals (f = 0) is 12% and 2% respectively (DeRose & Roff, 1999) . Correspondingly calculated (by extrapolation), we found that most morphological and some metabolic traits show no change due to inbreeding, but wing and harp size showed a 36% and 30% increase respectively. Resting metabolic rate increased by 80% and allocation ability decreased by 114%. It should be noted, however, that these standardizations are a very rough way to compare magnitudes of inbreeding (Falconer, 1989) .
Theoretically, traits possessing strong inbreeding effects should also have low heritability (Fisher, 1930; Falconer, 1989; Lynch & Walsh, 1998; DeRose & Roff, 1999) . Our animal model included relatedness between individuals to allow the estimation of additive genetic variation. In line with the theoretical expectations, the model revealed rather small and nonsignificant additive genetic variation and heritability in all metabolic traits. However, heritability of metabolic traits has been estimated before, especially in small mammals and the results vary from low (Lacy & Lynch, 1979; Dohm et al., 2001; Nespolo et al., 2003 Nespolo et al., , 2005 Bacigalupe et al., 2004) to moderate heritabilities (Sadowska et al., 2005) . Scarce evidence from insects suggests low heritability and excess of nonadditive genetic variance in resting metabolic rate in Gryllus firmus -crickets (Rantala & Roff, 2006; Nespolo et al., 2007) . In general, physiological traits seem to have lower heritabilities than morphological traits (Mousseau & Roff, 1987 ; see also Nespolo et al., 2007) . Our results are in agreement as the mean heritability for our physiological (five traits, all uncorrected for mass) and morphological (five traits) traits were 0.335 and 0.496 respectively. If mass correction in metabolic traits is used, this relation becomes more polarized.
Inbreeding effects on energy allocation ability
Our results corroborated our hypotheses that inbreeding does indeed increase energy used on maintenance, i.e. inbreeding. Solid circles denote family mean values and line indicate the estimate of regression slope of inbreeding effects on resting metabolic rate. Numbers associated with family means are the number of individuals belonging to corresponding family. As our data structure is not balanced, we use REML methodology, which is most suitable for the analysis of this data set (Lynch & Walsh, 1998) .
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resting metabolic rate. This finding is, however, in contrast to few earlier hypotheses that have expected the opposite, i.e. that good quality individuals have higher resting metabolic rate (Konarzewski & Diamond, 1995; Reinhold, 1999; Nilsson, 2002) . High maintenance metabolism was considered to be useful because it was assumed to allow higher rates of instantaneous energy release or higher sustained energy metabolism with increased total energy budget (see: Johnston et al., 2007) . Although it is feasible that increased ability of energy release on life-history traits may be beneficial, it is difficult to understand why such short-term ability would have evolved to be dependent on highly costly continuously expressed trait such as maintenance metabolism rather than to be plastic. Because total energy budget is expected and found to be limited (Weiner, 1992; Hammond & Diamond, 1997; Bacigalupe & Bozinovic, 2002; Tomkins et al., 2004; Speakman & Kró l, 2005) , the expectation should probably be the opposite: high maintenance metabolism causes a reduction in energy that can be allocated on life-history traits. Moreover, despite it is obviously necessary, energy use may be selected against, because oxidative stress associated with energy use can reduce lifespan and thus fitness (Nilsson, 2002; Alonso-Alvarez et al., 2004) . Thus, we feel that there are good reasons to expect that high resting metabolism is an indication of poor rather than good quality (see also Hawkins & Day, 1999 ; for similar line of reasoning). Moreover, a recent whole genome expression study indicates increases in maintenance gene expression in inbred Drosophila melanogaster lines (Kristensen et al., 2005) and accumulated data from studies comparing the maintenance metabolism to genetic heterozygosity, especially in ectotherms, seem to support this view as well (see Carter et al., 1999) . Of the hypothesis put forward in Fig. 1 , our results seem to support scenario somewhere between panels 1b and 1c: maintenance metabolism was increased by inbreeding, whereas the total energy budget tended to be reduced. This relative insensitivity of total energy budget could be due to increased energy intake as individuals were fed ad libitum masking some of the inbreeding effects. However, as maintenance costs rose substantially, we would have expected more compensation to enable high condition despite increasing inbreeding. As compensation did not occur, it seems that individuals cannot use energy over certain limit (Weiner, 1992; Hammond & Diamond, 1997; Bacigalupe & Bozinovic, 2002; Speakman & Kró l, 2005) .
As a result of the constrained energy use, allocation ability was decreased due to inbreeding despite the ad libitum food conditions. If allocation ability proves to be condition, this reduction is suggested to be reflected over several life-history traits as condition is assumed to be a major determinant of these traits (Rowe & Houle, 1996) . The concept of condition is important in the theory of life-history evolution in that it can explain the positive correlation between the life-history traits. This is based on the notion that some individuals can allocate their abundant energy reserves on several life-history traits simultaneously, and seemingly at the population level the expected trade-off between the traits is not apparent (van Noordwijk & de Jong, 1986; Roff, 2002a) . Similarly, as condition is expected to be influenced by large proportion of the genome, the erosion of additive genetic variation should be slower in condition and in condition-dependent traits (Rowe & Houle, 1996) . Despite maintenance metabolism and allocation ability are affected most likely by many genes, we did not find these traits to be highly heritable or contain substantial amounts of additive genetic variation. On the contrary, these traits indicated high inbreeding depression. If our findings reflect the state of affairs in general, and the allocation ability proves to be condition, then this may be seen as a complication for the condition capture mechanism in explaining the maintenance of the additive genetic variance in traits under directional selection (Rowe & Houle, 1996; Tomkins et al., 2004) .
Do metabolic traits and residual condition index measure the same trait?
Our final aim was to determine whether the traditionally used condition index comply with the condition derived from the metabolic traits, i.e. with allocation ability, and have properties of fitness traits. However, residual condition index did not correlate with allocation ability. Moreover, allocation ability was (negatively) affected by inbreeding, as fitness-related traits should, but residual condition index was not affected. Note that this result is robust for the method of deriving the residuals. Therefore, it is obvious that allocation ability and the residual index do not estimate the same condition. There are several potential reasons why the relationship between allocation ability and condition indices might not exist.
Traditionally, the estimation of condition has relied largely on indices derived from body mass and size (Bolger & Connolly, 1989; Kotiaho et al., 2001; Simmons & Kotiaho, 2002; Cotton et al., 2004) . This assumes that mass that is not explained by size reflects an individual's energy storage (i.e. fat content). Apart from several statistical assumptions (Garcıá -Berthou 2001; Green, 2001; Darlington & Smulders, 2001) , biological justification of these indices can fail as well if animal shape changes with size, or if residual mass indicates, for example, hydration rather than fat content (Jacob et al., 1996; Kotiaho, 1999; Green, 2001) . Moreover, fat is only one storage state of energy, one that is not immediately available to fitness-enhancing traits (Keeton & Gould, 1986; Bonnet, 1998; Tomkins et al., 2004) . Moreover, not all species strive to develop body reserves but rather turn resources immediately to fitness-enhancing traits (i.e. capital vs. income breeders) (Jö nsson, 1997; Bonnet, 1998) . Because fat cannot be utilized immediately, it may not be predictive of performance at a given moment. Therefore, rather than being condition, fat should be interpreted as condition of the past and potentially that of the future. Indeed, instead of fat, current performance in both income and capital breeders rely mainly on glycogen reserves (Keeton & Gould, 1986; Bonnet, 1998) and only after prolonged exercise the stored energy starts playing a role. Thus, it might not come as a surprise that we urge verifying condition indices by experimental manipulation of the quality prior to equating such indices to condition (Green, 2001 ).
Conclusions
In energetic terms, fitness may be seen to be dependent on successful allocation of energy between life-history traits such as survival or reproduction and other activities. In addition, fitness will be constrained by the total energy budget of an organism, and in particular by the amount of allocatable energy. The amount of allocatable energy has also been defined as condition. Here, we suggested that an indirect measure of energy allocation ability, measured using open flow respirometry, could be an appropriate measure of condition. We analysed the genetic underpinnings of several metabolic traits and found that many of them share the properties of lifehistory traits by being susceptible to inbreeding and exhibiting lower additive genetic variation than morphological traits. Because condition, as defined in the life-history literature is, by large, formed by these metabolic traits, this finding could be seen as a complication to the idea of condition dependence maintaining genetic variation. Finally, our result that inbreeding increases resting metabolic rate suggests that low rather than high resting metabolic rate has been under selection and thus is likely to be indicative of high quality.
